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In certain neurons from different brain regions, a brief burst of action potentials can activate 
a slow afterdepolarization (sADP) in the presence of muscarinic acetylcholine receptor 
agonists. The sADR if suprathreshold, can contribute to persistent non-accommodating 
firing in some of these neurons. Previous studies have characterized a Ca 2+ -activated non- 
selective cation (CAN) current (/can) that is thought to underlie the sADR l CAN depends 
on muscarinic receptor stimulation and exhibits a dependence on neuronal activity, 
membrane depolarization and Ca 2+ -inf lux similar to that observed for the sADP Despite the 
widespread occurrence of sADPs in neurons throughout the brain, the molecular identity 
of the ion channels underlying these events, as well as I can, remains uncertain. Here 
we used a combination of genetic, pharmacological and electrophysiological approaches 
to characterize the molecular mechanisms underlying the muscarinic receptor-dependent 
sADP in layer 5 pyramidal neurons of mouse prefrontal cortex. First, we confirmed that in 
the presence of the cholinergic agonist carbachol a brief burst of action potentials triggers 
a prominent sADP in these neurons. Second, we confirmed that this sADP requires 
activation of a PLC signaling cascade and intracellular calcium signaling. Third, we obtained 
direct evidence that the transient receptor potential (TRP) melastatin 5 channel (TRPM5), 
which is thought to function as a CAN channel in non-neural cells, contributes importantly 
to the sADP in the layer 5 neurons. In contrast, the closely related TRPM4 channel may 
play only a minor role in the sADR 

Keywords: slow afterdepolarization (sADP), persistent firing, muscarinic receptors, Ca 2+ -activated non-selective 
cation (CAN) current, transient receptor potential melastatin 5 channel (TRPM5) 



INTRODUCTION 

Cholinergic receptor activation is important for various memory 
processes (Spencer et al, 1985; Granon et al., 1995; Hasselmo, 
1999; Anagnostaras et al., 2003) and has profound effects on 
the excitability and intrinsic firing patterns of neurons (Krnjevic, 
1993). One of the most intriguing examples of cholinergic regula- 
tion involves the generation of intrinsic persistent firing (Egorov 
et al, 2002; Fransen et al, 2006; Tahvildari et al., 2008). In the 
presence of muscarinic acetylcholine receptor agonists a brief 
depolarizing stimulus can lead to the firing of a neuron for several 
minutes, far outlasting the original stimulus (Egorov et al., 2002; 
Sidiropoulou et al., 2009; Rahman and Berger, 2011). Persistent 
firing is thought to depend on the action of muscarinic agonists 
to promote the appearance of an excitatory slow afterdepolar- 
ization (sADP) following a brief burst of action potentials, in 



contrast to the brief afterhyperpolarization (AHP) that normally 
follows a burst of spikes in the absence of cholingergic stimulation 
(Haj-Dahmane and Andrade, 1998). When suprathreshold, the 
sADP can result in persistent non-accommodating firing of the 
neurons. 

sADPs have been described in neurons from many areas of the 
central and peripheral nervous system, including hippocampus 
(Fraser and MacVicar, 1996; McQuiston and Madison, 1999), 
nucleus accumbens (D'Ascenzo et al., 2009), prefrontal cortex 
(Haj-Dahmane and Andrade, 1998; Yan et al, 2009), lateral 
amygdala (Yamamoto et al., 2007), and olfactory bulb (Constanti 
et al, 1993). Different molecular mechanisms and neuromod- 
ulators have been implicated in the generation of sADPs. In 
addition to the importance of muscarinic receptor stimulation for 
sADPs in many cells (Krnjevic et al., 1971; Constanti et al, 1993; 
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Fraser and MacVicar, 1996; Haj-Dahmane and Andrade, 1998; 
McQuiston and Madison, 1999; Egorov et al., 2006; Pressler et al., 
2007; Hofmann and Frazier, 2010), sADPs in some neurons have 
been reported following stimulation of 5-HT 2 receptors (Araneda 
and Andrade, 1991; Spain, 1994; Zhang and Arsenault, 2005), oti 
adrenergic receptors (Araneda and Andrade, 1991), Dl dopamine 
receptors (Yamamoto et al., 2007; Sidiropoulou et al., 2009), or 
metabotropic glutamate receptors (Greene et al., 1992, 1994). 
Pharmacological studies have revealed that a common require- 
ment for sADP generation is the receptor-mediated activation 
of the phospholipase C (PLC) signaling pathway combined with 
Ca 2+ influx into the cell through voltage-gated Ca 2+ channels 
(Haj-Dahmane and Andrade, 1998; Pressler et al., 2007; Yan et al., 
2009; Hofmann and Frazier, 2010). Such studies have led to the 
suggestion that the sADP is generated by a calcium -activated 
nonselective cation (CAN) current (Ican)- In support of this view, 
both Iqan and the sADP require PLC signaling and intracellu- 
lar Ca 2+ , are enhanced by depolarization, and are blocked by 
flufenamic acid (FFA; Haj-Dahmane and Andrade, 1998; Pressler 
et al, 2007; Yamamoto et al, 2007; Yan et al, 2009; Hofmann and 
Frazier, 2010). 

Previous studies have suggested that the CAN current under- 
lying the sADP is carried, at least in part, through the TRPC 
channel subclass of the transient receptor potential (TRP) channel 
family (Fowler et al, 2007; Yan et al, 2009; Rahman and Berger, 
2011). Similar to Ican and the sADP, these nonselective cation 
channels are activated by PLC-dependent signaling cascades. 
Although TRPC channels are not directly activated by intra- 
cellular Ca 2+ , their opening is enhanced by intracellular Ca 2+ 
(Clapham, 2003; Montell, 2005). Unlike many CAN channels, 
which are selectively permeable to monovalent cations and do 
not conduct Ca 2+ (Yellen, 1982; Partridge et al., 1994), TRPC 
homomeric channels have a high permeability to Ca 2+ (Okada 
et al, 1998; Philipp et al, 2000; Schaefer et al, 2000). How- 
ever, when coexpressed with TRPC1 subunits, the resulting het- 
eromeric TRPC channels exhibit a reduced calcium permeability 
(Storch et al., 2012), more consistent with the properties of a CAN 
channel. 

A second class of TRP channels that are attractive candidates 
for Ican and the sADP are the TRPM4 and TRPM5 mem- 
bers of the melastatin subfamily of TRP channels, which have 
numerous critical roles in transporting ions across cell mem- 
branes (Clapham, 2003; Montell, 2005; Ramsey et al, 2006). 
Similar to Ican> both TRPM4 and TRPM5 are calcium-activated, 
monovalent cation-selective channels that require PLC signal- 
ing cascades for their activation (Launay et al., 2002; Hofmann 
et al., 2003; Liu and Liman, 2003; Nilius et al., 2003, 2006; 
Prawitt et al., 2003). Previous studies have suggested that these 
channels may contribute to Ican hi cardiac muscle and other 
non-neural cells. The clearest role of TRPM5 is in taste trans- 
duction as mice with a targeted deletion of TRPM5 have little 
or no ability to detect physiologically relevant concentrations 
of bitter or sweet tastants (Zhang et al., 2003; Damak et al., 
2006). In addition, based solely on its expression pattern, two 
studies have suggested that these channels may also contribute 
to the sADP in respiratory neurons of the pre-Botzinger complex 
(Mironov, 2008; Mironov and Skorova, 2011). However, the role 



of TRPM4 and TRPM5 in the central nervous system remains 
largely unknown. 

In this report, we have directly examined the importance 
of TRPM4 and TRPM5 for the cholinergic-induced sADP in 
mouse PFC layer 5 pyramidal neurons using both pharmaco- 
logical and genetic approaches. As most previous studies on 
the sADP have been carried out in rats, we first confirmed 
that the carbachol (CCh) -induced sADP is also dependent on 
intracellular calcium and the PLC pathway in mPFC of mice, 
the species used for our genetic studies. By examining ani- 
mals in which TRPM4 and TRPM5 were deleted, either alone 
or in combination, we found that TRPM5 makes an impor- 
tant contribution to the sADP whereas we could not detect 
a contribution from TRPM4. As a significant sADP is still 
observed in mice with combined genetic deletions of both 
TRPM4 and TRPM5, the sADP must depend on more than one 
type of ion channel mechanism. Our results are complemen- 
tary to those of Kim et al. (2013), who found that TRPM4, 
but not TRPM5, helps generate a depolarization-induced Ca 2+ - 
dependent slow cation current (DISC) in cerebellar Purkinje 
neurons. 

MATERIALS AND METHODS 
BRAIN SLICE PREPARATION 

Coronal brain slices of prefrontal cortex were obtained from 6-7- 
week-old mice using standard brain slicing methods. Briefly, the 
animals were killed by cervical dislocation, followed by decapita- 
tion and dissection of the brain out of the cranium. The brain was 
quickly placed in cold modified ACSF (in mM: NaCl 10, Sucrose 
195, KC1 2.5, CaCl 2 0.5, MgCl 2 7, Na 2 P0 4 1.25, NaHC0 3 25, 
Glucose 10, Na-pyruvate 2, osmolarity 325 mOsm) for 3-4 min. 
Brain slices 300-400 \xm thick were cut using a Vibratome 3000 
(The Vibratome Co., MO) and placed in a beaker containing 
warm (32°C) standard ACSF for about 30 min (in mM: NaCl 125, 
KC1 2.5, CaCl 2 2, MgCl 2 1, Na 2 P0 4 1.25, NaHC0 3 25, Glucose 25, 
Na-pyruvate 2, osmolarity 305 mOsm). Slices were then cooled 
to room temperature for another 30 min before recordings were 
initiated. 

ELECTROPHYSIOLOGICAL RECORDINGS 

All intracellular recordings were obtained using the whole-cell 
patch clamp technique using submerged slices continuously 
superfused with warm ACSF at 34°C. The soma of layer 5 pyra- 
midal neurons were identified and patched after visual approach 
of the recording pipette using a combination of infrared light 
and DIC optics. Patch electrodes had resistances of 2-5 M£2 
when filled with the following intracellular solution (in mM): K- 
Gluconate 130, KC1 10, HEPES 10, NaCl 4, EGTA 0.1, MgATP 
4, Na 3 GTP 0.3, Na 2 -phosphocreatine 10, osmolarity 305, pH 
adjusted to 7.25 with KOH. In some experiments, the calcium 
buffering capacity of the intracellular solution was increased with 
bis- (o-aminophenoxy) -_N,N,N*,AP-tetraacetic acid (BAPTA) 
and added calcium to bring the free calcium concentration to 
near 100 nM (Max-chelator). 1 Recordings were terminated if the 
series resistance exceeded 20 Mf2 for current-clamp recordings. 



1 http://maxchelator.stanford.edu/webmaxc/webmaxcS.htm 
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The signals were digitized at 10-50 kHz and low-pass filtered 
at 1-4 kHz. All recordings were performed in the presence of 
the following drugs (in |xM): carbachol (10), NBQX (10), AP5 
(50), picrotoxin (50). When the membrane potential was stable, 
approximately 10 min after drug application, we induced action 
potential firing with depolarizing current injections (200 pA for 
500 ms) through the patch electrode in current clamp mode to 
generate sADPs. We measured the peak amplitude of the sADP 
and its integral over a 10 s period starting at the termination 
of the current step, which is hereafter called the sADP area. 
Recordings were analyzed using AXOGRAPH software (Molecu- 
lar Devices). 

STATISTICS 

Throughout the paper, means are stated as mean ± standard 
error of the mean (SEM). Student f-test and one-way repeated 
ANOVA measures were used to determine statistical significance. 
All statistical results were confirmed using the non-parametric 
Mann-Whitney test. All quantitative analyses were conducted 
blind to genotype. 

REAGENTS 

NBQX, AP5, and glibenclamide were purchased from Tocris 
(Ellisville, MO). All other chemicals were purchased from Sigma 
(St. Louis, MO). 

HISTOLOGY 

Under terminal anesthesia, the mice were trans -cardially perfused 
with PBS followed by 4% PFA. The brains were then dissected and 
post-fixed overnight at 4°C in PFA. 50 u,m sections were cut on a 
vibrating sheer and processed using standard immunocytochem- 
ical techniques. The following primary antibodies were used: 
rabbit anti-mouse TRPM5 antibody (1:200; from the laboratory 
of Charles S. Zuker), goat polyclonal TRPM4 antibody (1:100; SC- 
27540; Santa Cruz Biotechnology), mouse anti-NeuN antibody 
(1:100; MAB377B; Millipore). Secondary antibodies used include 
goat polyclonal anti-rabbit coupled to Alexa Fluor 488, anti- 
goat coupled to Alexa Fluor 488 and anti-mouse coupled to 
Rhodamine-Red-X (1:200; purchased from Jackson immunore- 
search laboratories). All images were taken using a laser-scanning 
confocal microscope. 

MICE 

In some experiments wild-type C57BL/6 J mice from Jackson 
laboratories were used, as noted. Trpm5~/~ mice (Damak et al., 
2006) were obtained from the laboratory of Robert F. Margolskee 
and Trpm4~'~ mice (Barbet et al., 2008) were obtained from 
the laboratory of Pierre Launay. We crossed each knockout line 
with wild-type mice to obtain heterozygotes, which were then 
crossed to yield Trpm5~/~ and Trptn4~/~ mice and their matched 
wild-type littermates. Mice were genotyped as described in the 
respective references. Double-knockout mice were generated by 
intercrossing of Trpm4~/~ and Trpm5~/~ mice (Barbet et al., 
2008). Single- or double-knockout animals were obtained at the 
expected Mendelian ratio. Animals were bred and maintained 
under standard conditions, consistent with NIH guidelines and 
IACUC approved protocols. 



RESULTS 

CARBACHOL INDUCED sADP IN LAYER 5 NEURONS OF THE 
MOUSE mPFC 

We first examined the conditions in which the sADP could be 
reliably induced in whole cell current clamp recordings from 
layer 5 pyramidal neurons from mouse PFC in acute coronal 
slices, as most previous studies have been performed in rats. 
Pyramidal neurons were identified based on their morphology 
and firing properties observed under current-clamp mode (Yang 
et al., 1996). Muscarinic acetylcholine receptors were activated 
with 10 |iM CCh and ionotropic glutamate and GABA receptors 
were blocked with 10 |xM NBQX, 50 |xM AP5 and 50 [lM PTX 
to inhibit fast synaptic transmission. A train of action potentials 
was elicited in layer 5 pyramidal neurons by the application of 
100-500 ms depolarizing current pulses. In the absence of CCh 
the spike train was followed by a fast AHP (Figure 1A). 

After bath application of CCh, we observed a prominent 
sADP following the evoked spikes (Figure IB). We quantified the 
input-output relationship by plotting sADP amplitude and area 
as a function of spike number elicited by progressively greater 
amounts of charge injection. Increasing amounts of depolarizing 
charge elicited a correspondingly greater number of spikes during 
the depolarizing stimulus, followed by sADPs of increasing ampli- 
tude and area (Figures 1C,D). These results are in agreement 
with previous findings from rats (Haj-Dahmane and Andrade, 
1998). 

CALCIUM INFLUX TRIGGERED THE sADP IN LAYER 5 NEURONS 

sADPs, induced following spike firing during activation of mus- 
carinic acetylcholine receptors, metabotropic glutamate receptors 
or other neuromodulators in layer 5 neocortex neurons (Greene 
et al, 1994; Haj-Dahmane and Andrade, 1998; Yan et al, 2009), 
layer 2-3 olfactory cortex neurons (Constanti et al., 1993), hip- 
pocampal CA1 pyramidal neurons (Fraser and MacVicar, 1996) 
or lateral amygdala neurons (Yamamoto et al., 2007), have been 
found to require calcium influx. To determine whether intracel- 
lular Ca 2+ is necessary for the sADPs in our experiments, we 
included the Ca 2+ chelator, l,2-bis(o-aminophenoxy) ethane-N", 
N, N', AT-tetraacetic acid (BAPTA; 10-20 mM), in the internal 
solution of the patch pipette. BAPTA produced a substantial 
reduction in both the peak amplitude and area of the sADP 
(Figure 2) as previously reported (Haj-Dahmane and Andrade, 
1998; Egorov et al., 2006; Yan et al., 2009; Hofmann and Frazier, 
2010). The amplitude of the sADP following a suprathreshold 
stimulus of 100 pC was reduced from 5.10 ± 0.52 mV in control 
conditions (n = 14) to 3.00 ± 0.40 mV (n = 6, P = 0.02; 
paired f-test) with 10 mM BAPTA in the patch pipette. The 
sADP was further reduced to only 0.68 ± 0.13 mV (n = 6, P < 
0.0001; paired f-test) with 20 mM BAPTA. The sADP integral 
was also sensitive to the chelators, being reduced from 24.62 ± 
2.10 mV-s in control conditions (« = 14) to 7.43 ± 1.68 mV-s 
with 10 mM BAPTA (n = 6, P < 0.0001; paired f-test) and 
0.49 ± 0.22 mV-s (n = 5, P < 0.0001; paired f-test) with 20 mM 
BAPTA. 

As spiking is expected to trigger Ca + influx through voltage- 
gated Ca 2+ -channels, we tested the effect of CdCl 2 (100 |xM), 
a general Ca 2+ -channel blocker, on the sADP. As shown in 
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FIGURE 1 | A muscarinic receptor-dependent slow afterdepolarization 
(sADP) is observed in PFC layer 5 pyramidal neurons. (A) In the 

absence of carbachol (CCh). Representative traces showing an AHP 
following a burst of action potentials induced by a 200 pA depolarizing 
current step. Inset shows action potential firing during the current step. 
Initial resting potential was —66 mV. (B) In the presence of 10 \iM CCh. 
Representative traces show sADPs following a burst of action potentials in 



response to 200 pA depolarizing current steps of increasing duration (black 
trace: 100 ms; blue trace: 300 ms; red trace: 400 ms). Insets show action 
potential firing during the depolarization. Initial V m was —65 mV. (C) and (D) 
Input-output relations plotting sADP amplitude and area as a function of the 
number of action potentials elicited by increasing amounts of depolarizing 
charge injection in the presence of CCh. n - 4-8 for each 
point. 
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FIGURE 2 | CCh-induced sADP requires intracellular Ca 2+ . (A) 

Applying BAPTA in the patch pipette solution decreased the sADP in 
presence of 10 [iM CCh. Inset: Superimposed traces showing the sADP 
following action potentials induced by a depolarizing current step 
(bottom trace) in CCh under control conditions (black trace) or with 10 
mM (gray trace) or 20 mM (red trace) BAPTA in the patch pipette 
solution. Initial V m was —66 mV. Bar graph, number of action potentials 
during the depolarizing step (200 pA for 500 ms) was not significantly 
different among groups (n = 7-16, P = 0.31 and 1 respectively). (B) Bath 



application of Cd 2+ reduced the sADP Inset: sADPs induced by a 
depolarizing current step (in CCh) under control conditions (black trace) 
or in the presence of 100 (iM Cd 2+ (red trace). Bar graph, number of 
spikes during the depolarization was not affected by Cd 2+ (n = 6-16, 
P = 0.77). (C) BAPTA significantly reduced peak amplitude (n = 6-14, 
* P < 0.05, *** P < 0.0001) and area In = 6-14, *** P < 0.0001) of 
sADP triggered by a 200 pA depolarizing current step for 500 ms. 
(D) Cd 2+ decreased sADP amplitude (n = 6-13, *** P < 0.001) and area 
(n = 6-14, ** P < 0.01). 
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Figures 2B,D, action potential bursts in the presence of Cd 2+ 
produced a smaller sADP compared to that seen following a 
burst with a similar number of spikes under control conditions. 
Thus, the sADP was reduced from 5.43 ± 0.43 mV in control 
conditions (n = 13) to 2.60 ± 0.29 mV in the presence of Cd 2+ 
(n = 6, P < 0.001; paired f-test). Similarly the sADP integral in 
control conditions, 24.62 ± 2.09 mV-s (n = 14), was significantly 
larger than the integral in the presence of CdCl2, 11.70 ± 1.86 
mV-s (n = 6, P = 0.001; paired f-test). Thus the sADP in the 
mouse PFC requires Ca 2+ influx through voltage-gated Ca 2+ - 
channels, consistent with previous findings in rats (Pressler et al., 
2007). 

THE sADP IS SENSITIVE TO BLOCKERS OF NON-SELECTIVE CATION 
CURRENTS AND PLC 

Previous studies have shown that in pyramidal neurons of the 
rat prefrontal cortex the muscarinic receptor-dependent sADP is 
mediated by Ican (Haj-Dahmane and Andrade, 1998; Yan et al., 
2009). We therefore tested the effects of the Ican blocking agent 
flufenamic acid (FFA, 10 |xM) on the ability of layer 5 PFC 
pyramidal neurons to generate an sADP. Blockade of Ican by FFA 
produced a significant 40% decrease in the CCh-induced sADP 
amplitude, from 5.43 ± 0.43 mV (n = 13) to 3.12 ± 0.67 mV 
(n = 6, P = 0.008; paired-f-test), and a 50% decrease in sADP 
area, from 24.62 ± 2.09 mV-s (n = 14) to 12.92 ± 3.30 mV-s 
(n = 6, P = 0.007; paired f-test) (Figures 3A,C). This result is 
consistent with previous findings and suggests that Ican may be 
important for the sADP driven by cholinergic muscarinic receptor 
activation. 

To examine whether the effect of muscarinic activation on 
the sADP in mouse PFC was mediated by the PLC pathway, we 
tested the action of the PLC blocker U73122 (which is an effective 
blocker of PLC but may also affect other targets, e.g., Horowitz 
et al., 2005). In the presence of U73122, both the CCh-induced 
sADP amplitude and area decreased significantly, from 5.34 ± 
0.39 mV (n = 6) to 3.03 ± 0.40 mV (n = 6, P = 0.009) and 
from 23.42 ± 3.12 mV-s (n = 6) to 11.83 ± 1.18 mV-s (n = 6, 
P = 0.006), respectively (Figures 3B,D), indicating that the PLC 
cascade is indeed important in mouse as in rat mPFC (Yan et al., 
2009). 

THE EXPRESSION OF TRPM4 AND TRPM5 IN MOUSE mPFC 

As mentioned in the Introduction section, several lines of 
evidence indicate that TRPM4 and TRPM5 are potential 
molecular candidates for the generation of Ican and the sADP. 
To examine the relevance of these channels in our experiments, 
we first characterized the expression of these channels in mPFC. 
According to the in situ hybridization data from the Allen Institute 
of Brain Science, 2 TRPM4 and TRPM5 show moderate expression 
in mouse mPFC. To examine the expression of TRPM4 and 
TRPM5 protein, we used antibodies directed against TRPM4 
(Gerzanich et al., 2009) and TRPM5 (Zhang et al., 2003) in 
layer 5 cells of prelimbic cortex (Figure 4). To identify neu- 
rons, we co-stained with the neuronal marker Neuronal Nuclei 
(NeuN). TRPM4/NeuN double-labeled (Figures 4A1-A3) and 



2 http://www.brain-map.org/ 



TRPM5/NeuN double-labeled (Figures 4C1-C3) neurons were 
observed in deep layers of mPFC. The staining signal with anti- 
bodies against TRPM4 and TRPM5 was predominantly cytosolic. 
Moreover the staining represented a specific labeling of the cor- 
responding TRPM channels as the fluorescence signal was absent 
when we used the TRPM4 and TRPM5 antibodies to label brain 
slices from mice in which, respectively, TRPM4 and TRPM5 were 
deleted through homologous recombination (Figures 4B,D). 

ROLE OF TRPM4 AND TRPM5 IN GENERATING THE CCh-INDUCED sADP 

To determine whether TRPM4 contributes to the burst-triggered 
sADP generated in the presence of CCh, we used both pharma- 
cological and genetic approaches. We first examined the effect 
of bath application of two pharmacological agents reported to 
inhibit TRPM4 but not TRPM5 channels (Grand et al., 2008): 
glibenclamide and 9-phenanthrol. Glibenclamide (100 u,M) had 
no significant effect on sADP amplitude (6.18 ± 0.28 mV in 
control conditions (n = 14) vs. 5.36 ± 0.24 mV in gliben- 
clamide (n = 6, P = 0.09; paired f-test)) or area (25.75 ± 
1.62 mV in control conditions (n = 17) vs. 21.29 ± 2.24 mV 
with glibenclamide (n = 9, P = 0.16; paired f-test)). In contrast 
9-phenanthrol (100 (iM) did decrease both sADP amplitude 
(6.18 ± 0.28 mV in control (n = 14) vs. 4.86 ± 0.32 mV with 9- 
phenanthrol (n = 9, P < 0.0001; paired t-test)) and sADP area 
(25.75 ± 1.62 mV in control conditions (n = 17) vs. 15.43 ± 
1.58 mV with 9-phenanthrol (n = 9, P < 0.0001; paired f-test)) 
(Figures 5A,C). 

Because the results with the two pharmacological agents 
were equivocal, we next examined the importance of TRPM4 
in generating the sADP using homozygous knockout mice 
{Trpm4-I~) (Vennekens et al, 2007). Deletion of TRPM4 had 
no statistically significant effect on either sADP amplitude or 
area (Figures 5A,B). Thus, the sADP amplitude and area in the 
Trpm4~l- mice were 5.16 ± 0.87 mV and 25.42 ± 1.87 mV-s 
(« = 10), respectively, compared to 6.64 ± 1.11 mV and 
26.69 ± 3.87 mV-s (« = 6) in control littermates {P = 0.31 for 
sADP amplitude; P = 0.74 for sADP area; paired f-test). 

How can we reconcile the reduction in the sADP with 9- 
phenanthrol compared to the lack of effect on the sADP of 
glibenclamide or TRPM4 deletion? One likely explanation is that 
the effects of 9-phenanthrol represent an action on some target 
other than TRPM4 (Wang et al, 1994). To explore this possibility 
we tested the actions of 9-phenanthrol on the sADP recorded 
from neurons in slices from the KO mice. Indeed, the compound 
produced a large reduction in both sADP amplitude (from 6.64 ± 
1.11 mV to 1.92 ± 0.31 mV (n = 6, P = 0.0022; paired f- 
test)) and sADP area (from 26.69 ± 3.87 mV-s to 15.40 ± 1.96 
mV-s; n = 6, P = 0.03; paired f-test) (Figures 5A,B). More- 
over, these actions were identical to the effect of 9-phenanthrol 
on the sADP recorded in neurons from slices from wild-type 
mice. Thus we conclude that the effects 9-phenanthrol were 
not mediated through blockade of TRPM4 and that this chan- 
nel makes only a minor contribution, if any, to generating 
the sADP. 

To determine the requirement for TRPM5 in the CCh-induced 
sADP, we compared the sADP amplitude and area in TRPM5 
KO mice (Trmp5~l~) (Zhang et al, 2003) vs. littermate controls. 
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FIGURE 3 | The sADP is sensitive to a blocker of non-specific cationic 
currents and requires the PLC pathway. (A) The CAN current blocking 
agent FFA decreased the sADP induced by a depolarizing current step (in 
10 u,M CCh). Inset: sADP under control conditions (black trace) and in 
presence of FFA (10 |iM; red trace). Initial V m was —66 mV. Bar graph, 
number of spikes during the depolarization (200 pA for 500 ms) was not 
affected by FFA (n = 7-10, P = 0.42). (B) The PLC blocker U73122 
decreased the CCh-induced sADP Inset: Superimposed traces showing 



sADP induced by a depolarizing current step (bottom trace) in CCh under 
control conditions (black trace) or with 5 uM U73122 in bath (red trace). 
Initial V m was —65 mV. Number of spikes during the depolarization (200 pA 
for 500 ms) was not affected by U73122 (n = 6, P= 0.91). (C) FFA 
decreased the sADP amplitude in = 6-8, * P < 0.05) and area (n = 6-9, 
* indicates P < 0.05). (D) The PLC blocker U73122 decreased the sADP 
amplitude (n - 6, ** indicates P < 0.01 ) and area (n = 6, ** indicates 
P < 0.01). 
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FIGURE 4 | TRPM4 and TRPM5 expression in coronal slices of adult 
medial PFC (mPFC). Immunofluorescence using antibodies directed against 
TRPM4, TRPM5 and Neuronal Nuclei (NeuN) performed in coronal slices of 
mPFC. TRPM4 (magenta) and NeuN (green) double/labeled cells were 
observed in medial prefrontal cortex (A1-A3) from TRPM4 +/, ~ mice, whereas 
no TRPM4 immunostaining was observed in sections from THPM4~I~ 



(TRPM4-KO) mice (B1-B3). TRPM5+'- heterozygous mice showed TRPM5 
immunoreactivity (C1-C3), whereas no TRPM5 immunostaining was 
observed in sections from TRPM5~I~ (TRPM5-KO) mice (D1-D3). Staining 
with TRPM4 and TRPM5 antibody produced predominantly cytosolic labeling 
and staining of NeuN was primarily localized in the nucleus of the neurons. 
Scale bars: 50 (im. 
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FIGURE 5 | TRPM5 but not TRPM4 contributes to the CCh-induced sADR 

(A) TRPM4 deletion did not significantly alter the sADR Inset: superimposed 
representative traces show sADP induced by a depolarizing current step (200 
pA, 500 ms) in CCh for wild-type littermate control mice (black trace), 
Trpm4~l~ mice (red trace) and Trpm4^^ mice in the presence of 
9-phenanthrol (dark gray trace). Initial V m was —66 mV. Bar graph, there was 
no statistically significant difference in numbers of spikes in wild-type mice 
under control conditions vs. in the presence of 9-phenanthrol (n = 10-22, P = 



0.71). There were no significant differences in number of spikes among 
wild-type (WT) mice or Trpm4~l~ mice (M4-KO) under control conditions or in 
presence of 9-phenanthrol (M4-KO + 9-phe.); n = 6-11, P = 0.39 and P = 1 
respectively. (B) Genetic deletion of TRPM4 did not significantly reduce sADP 
amplitude (top graph; n = 6-10, P = 0.31 ) or sADP area (bottom graph; n - 
6-10, P = 0.74). However, application of 9-phenanthrol in both control and 
Trpm4~l~ mice decreased significantly peak sADP amplitude 

(Continued) 
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FIGURE 5 | Continued. 

(wild-type control vs. 9-phenanthrol, n = 9-17, »«« p < 0.001 ; wild-type 
control vs. KO with 9-phenanthrol, n = 6, ** P < 0.01) and sADP area (in 
control vs. with 9-phenanthrol, n = 9-17, *** P < 0.001 ; in WT vs. KO with 
9-phenanthrol, n - 6, * P < 0.05) by a depolarizing step current (200 pA for 
500 ms). (C) TRPM5 deletion reduced the sADP Inset: sADP induced by 
depolarizing current (200 pA, 500 ms) in CCh in wild-type littermate control 
mice (black trace) and TrpmS~l~ KO mice (red trace). Initial V m was —65 
mV. Bar graph, TRPM5 deletion (M5-KO) had no effect on number of spikes 
during the depolarizing step (n = 13-18, P = 0.54). (D) Deletion of TRPM5 
significantly decreased sADP amplitude (top graph; n - 12-17 *** P < 
0.001) and area (bottom graph; n = 12-17 ** P < 0.01). 



Genetic deletion of TRPM5 resulted in a statistically significant 
40% reduction in the sADP peak amplitude, from 5.67 ± 0.36 mV 
(n = 17) in control to 3.62 ± 0.33 mV in KO mice (n = 12, 
P < 0.001; paired f-test), and in sADP area, from 24.89 ± 
1.68 mV-s (n = 17) in control to 15.73 ± 1.94 mV-s in KO 
mice (« = 12, P = 0.0014; paired f-test) (Figures 5C,D). We 
also compared other intrinsic cellular properties. We found no 
difference in resting membrane potential (—69.37 ± 0.64 mV 
in control (n = 14) vs. -70.57 ± 0.53 mV in KO (n = 22, P = 
0.16; paired f-test)), membrane input resistance (53.16 ± 3.82 
MQ in control (n = 14) vs. 57.09 ± 3.46 MQ in KO (ft = 22, 
P = 0.45; paired f-test)), and cellular excitability, based on the 
number of spikes during the depolarization (400 pA for 1 s; 
23.87 ± 1.63 spikes in control (n = 14) vs. 22.00 ± 1.50 spikes 
in KO (n = 21, P = 0.40; paired f-test)) (data not shown). 
Thus, in contrast to TRPM4, we conclude that TRPM5 chan- 
nels make a significant and selective contribution to generating 
the sADP. 

To examine whether TRPM4 might contribute to the residual 
sADP in the TRPM5 KO mice, we generated double-knockout 
mice (Trpm4~l~ /Trpm5~l~), by crossing Trpm4~/~mice with 
Trpm5~/~ mice (Vennekens et al., 2007). Deletion of both 
TRPM4 and TRPM5 produced a phenotype nearly identical to 
that seen in the TRPM5 KO mice (Figure 6). The double KO ani- 
mals showed a 40% and 33% reduction in sADP peak amplitude 
and area (Figures 6C,D), respectively, relative to wild-type con- 
trols. Thus, the sADP amplitude and area in Trpm4~l~ /Trpm5~/~ 
(DKO) mice were 3.57 ± 0.38 mV and 16.74 ± 2.36 mV-s 
(n = 10), compared to 5.85 ± 0.70 mV and 25.18 ± 2.29 mV-s 
(n = 6) in control littermates (P < 0.01 for sADP amplitude; 
P < 0.02 for sADP area; paired f-test) (Figures 6A-D). We also 
found no difference in resting membrane potential (—69.01 ± 
1.51 mV in control (« = 5) vs. -70.24 ± 0.58 mV in the DKO 
(n = 15, P = 0.36; paired f-test)), membrane input resistance 
(58.66 ± 3.78 MQ in control (n = 5) vs. 53.39 ± 3.64 MQ in 
the DKO (n = 15, P= 0.40; paired f-test)), and cellular excitability 
(31.40 ± 3.00 spikes in control (n = 5) vs. 28.53 ± 1.96 spikes 
in the DKO mice (n = 15, P = 0.46; paired f-test), elicited by 
a 400 pA, 1 s depolarizing step). Therefore, our results provide 
direct evidence that TRPM5, but not TRPM4, channels make an 
important contribution towards the generation of the sADP in 
layer 5 pyramidal neurons in mouse mPFC. Moreover TRPM4 
is insufficient to maintain the sADP in the absence of TRPM5 
(Figures 6E,F). 



DISCUSSION 

Previous studies have shown that activation of muscarinic recep- 
tors can enable the generation of a calcium-dependent sADP 
following a brief burst of action potentials in certain cortical 
neurons (Haj-Dahmane and Andrade, 1998, 1999; Yan et al., 
2009). When large enough this afterpotential can support persis- 
tent firing (Egorov et al, 2002). In this report, we used a com- 
bination of cellular, molecular, electrophysiological and genetic 
approaches to dissect the molecular mechanisms underlying the 
muscarinic-receptor-dependent sADP. We have confirmed that 
activation of ACh receptors with carbachol results in the gen- 
eration of an sADP in mouse PFC layer 5 pyramidal neurons. 
Moreover, we confirmed that this sADP depends on activation 
of a PLC signaling cascade and requires intracellular calcium 
signaling. In addition, we have provided novel evidence that 
TRPM5 contributes to the sADP whereas TRPM4 appears less 
important. 

As mentioned earlier, sADPs have been described following 
activation of a diverse array of G-protein-coupled receptors in 
many areas of the central and peripheral nervous system. CAN 
channel activation is thought to serve as the common mecha- 
nism to regulate the sADP downstream of these receptors. CAN 
channels have been identified in a number of neuronal and non- 
neuronal cell types. In cells where these channels have been most 
thoroughly characterized, they have been shown to be permeable 
to monovalent cations, with little permeability to calcium (Yellen, 
1982; Partridge et al., 1994). However, in many neurons, including 
prefrontal cortex neurons, it is less clear as to whether the current 
underlying the sADP is indeed calcium impermeant. This issue 
is important in terms of efforts to provide a molecular charac- 
terization of the channels underlying Ican and the associated 
sADP. 

There is strong evidence in non-neuronal cells implicating 
TRPM4 and TRPM5 as CAN channels (Launay et al, 2002; 
Hofmann et al., 2003; Liu and Liman, 2003; Nilius et al., 
2003, 2006; Prawitt et al, 2003; Vennekens et al, 2007; Barbet 
et al., 2008). When expressed in heterologous cells, recombinant 
TRPM4 and TRPM5 have been shown to form calcium-activated 
nonselective cation channels with little or no permeability to 
calcium (Launay et al., 2002; Hofmann et al., 2003; Liu and 
Liman, 2003), properties very similar to CAN channels in many 
native tissues (Yellen, 1982; Partridge et al, 1994). In addition to 
the requirement for intracellular Ca 2+ , activation of TRPM4 or 
TRPM5 requires stimulation of G-protein-coupled receptor PLC 
signaling cascades. In neurons, there is one report supporting the 
recruitment of TRPM4 in the rhythmic activity of respiratory 
neurons of the Pre-Botzinger complex based solely on expression 
patterns (Mironov, 2008). However, we are not aware of any pre- 
vious direct evidence that these channels underlie any neuronal 
sADP. 

Our results from gene knockout mice suggest that TRPM4 
does not significantly contribute to the sADP. This result differs 
from our finding that 9-phenanthrol, which selectively blocks 
TRPM4 vs. TRPM5 channels (Grand et al., 2008), produced a 
significant reduction in the sADP of wild-type mice. However, as 
we found that that 9-phenanthrol produced a similar reduction 
in the sADP in Trpm4~/~ mice, this pharmacological agent must 
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FIGURE 6 | TRPM4 does not contribute to the residual sADP in TRPM5 

KO mice. (A) Superimposed representative traces show the sADP induced by 
a depolarizing current step (200 pA, 500 ms) in CCh for wild-type mice (black 
trace) and Trpm4/5 double knockout (DKO) mice (red trace). Scale bars, 1 mV 
and 5 s. Initial Vm was —66 mV. (B) There is no difference in spike number 
during current injection between populations of mice (n = 6-10, P = 0.75). (C) 
Trpm4/5 -DKO mice generated sADPs with smaller amplitude (n = 6-10, ** 



indicates P < 0.01 ) (C) and area (n = 6-10, * indicates P < 0.05) (D) compared 
to wild-type littermate controls. (E,F) Bar graphs showing sADP amplitude (E) 
and area (F) in three different genotypes expressed as percentage of sADP in 
wild-type littermate controls. Normalized sADP amplitude and sADP area 
show significant differences between Trpm4~l~ KO vs. Trpm5~l~ KO and 
between Trpm4-'- KO vs. Trpm4/5 -DKO mice (one-way AN OVA; n = 10-12, 
* indicates P < 0.05 and *** indicates P < 0.0001, respectively). 



act on some target other than TRPM4 channels. This conclusion that targets TRPM4 channels, glibenclamide, had no effect on the 
is supported by our finding that a different pharmacological agent sADP in wild-type mice. 
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In contrast to the lack of involvement of TRPM4 channels in 
the sADP, we found that TRPM5 channels make an important 
contribution to the slow depolarization. However, the reduction 
in the sADP upon deletion of TRPM5 was not complete, with 
the sADP in the TRPM5 KO mice reduced by approximately 40% 
relative to the sADP in wild-type mice. The incomplete reduction 
in the sADP was not a result of compensation by TRPM4 as 
the combined deletion of both TRPM4 and TRPM5 reduced 
the sADP by a similar extent (40% decrease) as observed upon 
deletion of TRPM5 alone. 

The above results indicate that additional channels, apart from 
TRPM4 and TRPM5, must make an important contribution to 
the sADP. Channels containing TRPC5 (Fowler et al, 2007; Yan 
et al., 2009) are attractive candidates as TRPC5 channels are 
also activated by PLC-dependent G protein signaling cascades 
(Clapham, 2003; Montell, 2005). Although these channels are 
not directly activated by Ca 2+ , increases in intracellular calcium 
greatly potentiate G protein-dependent TRPC5 opening. Recent 
studies indicate that expression of dominant negative TRPC5 
channels strongly suppresses the sADP in prefrontal cortex neu- 
rons (Yan et al., 2009). Moreover, injection of a C-terminal TRPC5 
peptide that contains a PDZ domain binding site, and thus acts as 
an inhibitor of TRPC5 activation, also decreases the sADP (Zhang 
et al, 201 1). Unlike most CAN channels, and TRPM4 and TRPM5 
channels, TRPC5 channels have a high permeability to calcium. 
However, when TRPC5 sub units assemble with TRPC1 subunits, 
the resultant heteromeric channels show a lower permeability to 
Ca 2+ (Storch et al., 2012), more consistent with the properties 
of CAN channels. One interesting possibility suggested by the 
Ca 2+ permeability of TRPC channels is that TRPM5 channels may 
act as downstream effectors of TRPC channels during muscarinic 
activation to enhance the sADP. However, a recent study failed to 
confirm a role for TRPC5 or TRPC6 in generating the cholinergic 
afterdepolarization in mouse prefrontal cortex (Dasari et al., 
2013). 

TRPM4 was recently shown to contribute to the 
depolarization-induced slow cation current (DISC) in cerebellar 
Purkinje neurons (Kim et al, 2013). In contrast, DISC measured 
in TRPM5 KO mice was not significantly different from age- 
matched wild-type littermates. DISC depends on an autocrine 
action of dopamine release from the Purkinje neuron dendrites 
and is thought to contribute to excitation and plasticity in these 
neurons. In contrast the sADP and CAN current observed in PFC 
and other brain regions require activation of muscarinic ACh 
receptors through exogenous release or application of cholinergic 
agonists. Our results in PFC neurons combined with those of 
Kim et al. in cerebellar Purkinje neurons indicate that TRPM4 
and TRPM5 channels play similar but complementary roles in 
mediating Ca 2+ -dependent cation currents in distinct types of 
neurons. 

Our study for the first time provides evidence that the 
TRPM5 channel is an important regulator of the muscarinic 
ACh receptor-dependent sADP in neurons. Here we propose 
a model in which TRPM5 functions as a central "hub" to 
detect the conjoint activation of G-protein receptor signaling 
and Ca 2+ influx, thereby converting cholinergic stimulation into 
profound changes of neuronal excitability. As the sADP has 



been implicated in persistent firing, this model also provides 
a mechanism capable of converting subthreshold inputs into 
intrinsic persistent firing. This form of sustained firing may 
be involved in higher order cortical functions such as working 
memory. Thus, it will be of interest in the future to determine the 
importance of TRPM5 for both persistent activity and working 
memory. 
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